Ribonuclease LX (RNaseLX) from tomato (Solanum lycopersicum L.) belongs to the RNase T2/S-RNase superfamily of plant endoribonucleases and this is a report on the characterization of the RNaseLX gene and its encoded protein as a member of the phosphate starvation response in tomato. RNaseLX gene sequences were cloned by a PCR-assisted approach. RNaseLX promoter sequences contained the conserved binding motif of the transcription factor PHR1 known to mediate phosphate starvation-dependent gene expression. The increase of RNaseLX transcript levels in roots during phosphate starvation correlated with high promoter activity in transgenic plants carrying a PromLX::uidA gene construct and pointed to transcriptional control of RNaseLX expression. Histochemical staining for b-glucuronidase activity and immunodetection of RNaseLX protein revealed striking RNaseLX expression in main and lateral root tips of phosphate-starved transgenic plants, specifically in epidermal cells, as well as in lateral and adventitious root primordia. Induced RNaseLX expression in roots correlated with stimulated growth and elongation of primary and lateral roots during phosphate deprivation. Phosphate-starvation-induced RNaseLX transcript levels in roots were not modulated by auxin or ethylene. These data indicate that the role of intracellular RNaseLX in the phosphate starvation response is connected with specific RNA turnover processes at the root tip.
Introduction
Environmental availability of phosphorus is considered one of the important factors that limit growth in natural ecosystems and in agriculture. Inorganic phosphate (Pi) plays a pivotal role in primary metabolism by modulating enzyme activity, gene transcription, or substrate properties. Maintenance of phosphorus homeostasis inside plants includes uptake, intracellular partitioning, storage, translocation, and phosphate mobilization from diverse substrates. Plants respond to phosphate limitation with different but co-ordinated strategies to conserve phosphate, to reduce metabolic phosphate consumption, and to maximize its acquisition from the rhizosphere (Mimura, 1999; Plaxton and Carswell, 1999; Raghothama, 1999; Vance et al., 2003; Karandashov and Bucher, 2005) . To sustain phosphate-requiring processes, plants respond to Pi limitation by scavenging Pi from macromolecules. After activating the respective enzymes plants actively change the membrane lipid composition and replace phospholipids by glycolipids (Essigmann et al., 1998; Frentzen, 2004) . Nucleic acids, especially RNAs, are also an important source of Pi in plants and co-ordinated RNA degradation could be part of the plant response to Pi deficiency. Biochemical and developmental adaptations to enhance Pi acquisition from the rhizosphere include (i) induction of transporters and extracellular enzymes, (ii) increased release of organic acids and protons, (iii) association with mycorrhizal fungi, and (iv) remodelling of root system architecture (RSA) and formation of proteoid roots (Harrison, 1999; Raghothama 1999; Williamson et al., 2001; Vance et al., 2003) . Changes in the internal and external phosphate availability were found to influence main root growth, lateral root and root-hair formation (Borch et al., 1999; Linkohr et al., 2002; López-Bucio et al., 2002; Ma et al., 2003) . This raises questions about the cross-talk between nutritional and hormonal control of root development and their transduction pathways. Involvement of auxin, ethylene, abscisic acid, and nutrients such as nitrate in the regulation of root architecture is well established for Arabidopsis (Casimiro et al., 2003; López-Bucio et al., 2003) . In tomato, lateral and adventitious root development is dependent on auxin and ethylene signalling (Clark et al., 1999; Coenen et al., 2003) . Although tomato seedlings respond to Pi limitation with a pronounced increase of the root-to-shoot ratio (Bosse and Köck, 1998 ) the impact of Pi starvation on root architecture and the role of hormones has not yet been investigated. An interesting morphological adaptation in response to Pi and Fe starvation is the formation of transfer cells in the epidermis of tomato roots possessing extensive ingrowths along their outer walls and being enriched in mitochondria and rough ER. Most likely they are engaged in the export or import of ions (Schikora and Schmidt, 2002) .
The integration of nutrient-dependent and developmental signals requires a sophisticated regulatory system whose components including potential sensors are just beginning to be elucidated (Abel et al., 2002; Franco-Zorrilla et al., 2004; Ticconi and Abel, 2004) . It is thought that many genes of the Pi starvation response such as Pi transporters, phosphatases, and putative riboregulators are controlled transcriptionally. Transcription factors have been characterized such as PSR1 (Wykoff et al., 1999) , PHR1 (Phosphate starvation response1, Rubio et al., 2001) , and homeodomain-leucine zipper proteins which may control distinct sets of Pi starvation induced (PSI) genes (FrancoZorrilla et al., 2004) . In Arabidopsis, expression of the PSI genes AtIPS1, At4, AtACP5, and AtPt1 was modulated by cytokinin and was dependent on functional cytokinin receptors (Martin et al., 2000; Franco-Zorrilla et al., 2002 .
Being a member of the RNaseT2/S-RNase superfamily (Bariola and Green, 1997; Irie, 1999) , the S-like RNaseLX is an RNA-dependent and single strand-specific endonuclease releasing mononucleotides as final reaction products (Löffler et al., 1993; Köck et al., 1995; Abel and Köck, 2001 ). RNaseLX expression is developmentally regulated and occurs in immature tracheary elements, in senescing leaves and flowers, as well as in seed endosperm during germination, supporting a role for RNaseLX in cell death processes (Lehmann et al., 2001) . The increase of RNaseLX transcript levels upon ethylene treatment also points to involvement in senescence processes (Lers et al., 1998) . Its intracellular accumulation in the ER is consistent with the presence of an N-terminal signal sequence and a C-terminal ER retention motif (Kaletta et al., 1998; Lehmann et al., 2001) . RNaseLX was reported to be induced in cultivated tomato cells by Pi starvation as well as with another RNase (RNaseLE), a phosphodiesterase, and intra-and extracellular phosphatases (Köck et al., 1995; Abel et al., 2000; Stenzel et al., 2003) . Its role, however, in tomato plants growing under Pi limitation has not yet been investigated. To get more information about the spatial and temporal expression profile of RNaseLX during Pi starvation, RNaseLX promoter sequences were cloned and a promoterbased histochemical expression analysis was carried out in transgenic tomato plants. Pi-starvation-dependent expression is restricted to the epidermal cell layer of the root tip, to adventitious and lateral root primordia, and is auxinindependent. The role of RNaseLX during Pi starvation is discussed in connection with its tissue-and organ-specific expression, intracellular location of RNaseLX and Pistarvation-mediated root growth responses.
Materials and methods
Plant material, anthocyanin content, and root growth Tomato seeds (Solanum lycopersicum L. cv. Lukullus, nomenclature according to Peralta et al., 2005) were sterilized, germinated, and further cultivated in Hoagland solution for 14 d as described by Bosse and Köck (1998) . On day 7, nutrient solutions were replaced and, if necessary, respective growth substances were added. Primary root length and distance from the first lateral root to the root tip were determined for each root with a ruler. All lateral roots emerging from the primary root and inspected under the stereomicroscope were taken into account for lateral root number data. Anthocyanin content was determined according to Bariola et al. (1999) . Floral buds, flowers, fruits, and roots were collected from soil-grown plants cultivated in a greenhouse.
Cloning of genomic sequences by PCR amplification
Genomic DNA was isolated as described by Stenzel et al. (2003) . To clone RNaseLX promoter sequences beneath the 59-RACE abridged anchor primer 59-GGCCACGCGTCGACTAGTAC[GGGII] 3 G-39 (Gibco BRL), the reverse primers LXrev I 59-biotin-GTGAATA-TACCTCAGATTCATCCAAAG-39 (transition of exon II-intron II) and LXrev II GCTGGCCACTACAATAATATCTTAA-39 (transition intron I-exon II) were used. Both primers were derived from a cloned genomic DNA fragment of the coding region of RNaseLX containing three introns (pPCRLX, accession number Y17446). A PCR reaction was performed with 1 lg BglII/XbaI digested genomic DNA as template, 0.6 lM primer LXrevI, 200 lM dNTPs, and 5 U Taq polymerase (High fidelity, Roche Diagnostics). The single-strand DNA product synthesized over 40 cycles (annealing temperature 60 8C) was purified using magnetic streptavidin particles according to the 59-RACE protocol (Gibco BRL). An anchor priming site at the 39-end of the particle-bound single-strand DNA (dC nucleotide tail) was created using 150 U terminal deoxynucleotidyl transferase, 100 pmol dCTP, 0.75 mM CoCl 2 (Roche Diagnostics) at 37 8C for 15 min. After purification of particles with PCR buffer, the complementary second strand was synthesized using the anchor primer complementary to the newly added tail. Afterwards, magnetic particles were removed. The last amplification step consisted of 10 cycles at 60 8C and 20 cycles at 65 8C annealing temperature. The reaction mixture contained 10 mM TRIS-HCl, pH 8.4, 1.5 mM MgCl 2 , 0.4 lM primer LXrevII and anchor primer, 200 lM dNTPs, 2.5 U Taq DNA polymerase. PCR products were ligated in the cloning vector pCR2.1 (Invitrogen). Positive clones were identified by colony hybridization with a 59-cDNA probe. Both strands of the clone pPromLX were completely sequenced. The nucleotide sequence data (RNaseLX promoter) appeared in the EMBL Sequence Databases under the accession number AM295794.
RNA extraction and analyses
Isolation of total RNA from tomato plants was carried out using a phenol/chloroform/LiCl precipitation method according to Köck et al. (1998) . Twenty lg total RNA per lane were loaded on 1.2% agarose gels, blotted on nylon membranes, and hybridized with a-32 P-dCTP-labelled cDNA probes using standard methods. Tomato TPSI1 and RSI-1 cDNA were cloned from mRNA via reverse transcription and PCR amplification using primers derived from the respective gene sequences (Taylor and Scheuring, 1994; Liu et al., 1997) . Equal loading of lanes was controlled by rRNA pattern or hybridizing with a tomato ubiquitin3 probe (Köck et al., 1995) . Before reusing the blots, radioactive probes were removed by stripping. Autoradiograms were exposed to X-ray film or analysed with a BAS Imager 1500 (Fuji/Raytest).
Generation of reporter gene construct and transgenic tomato plants
To construct the chimeric RNaseLX promoter-GUS gene (PromLX ::uidA), a PCR fragment was amplified on the clone pPromLX using a reverse primer that creates a SmaI restriction endonuclease site at the ATG translation initiation codon and was subcloned into pCR2.1. A XbaI/SmaI restriction fragment containing 814 bp 59-flanking sequence was ligated blunt end in the SmaI restriction site of the binary vector pBI 101. Correct amplification of promoter sequences was proven by DNA sequencing. Transformation of binary plasmid constructs into A. tumefaciens strain LBA 4404, Agrobacteriummediated transformation of tomato cotyledons, and the regeneration of transgenic plants was done as described by Köck et al. (2004) . Resistant plants were transferred into soil and grown in the greenhouse for seed production. T 2 progeny of two lines was used for further experiments.
GUS activity, GUS histochemistry and microscopic analysis
Quantitative measurement of GUS activity was done according to Groß et al. (2004) . GUS activity was localized histochemically by incubating plant material in appropriate staining buffers containing 0.5 mM X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronide) in the dark at 37 8C for 1-16 h. Tissue sections were fixed in 50 mM sodium phosphate, pH 7.0, 0.3% formaldehyde, 1 mM EDTA for 30 min, and washed with 50 mM sodium phosphate, pH 7.0 prior to staining. Fixation and staining solutions were infiltrated under reduced pressure for 2-5 min. Staining solutions were adapted to different tissues thereby following the protocol of Blume and Grierson (1997) . After staining, tissues were fixed in a solution consisting of 45% ethanol, 5% formaldehyde, 5% acetic acid for 2-10 h at 4 8C and stored in 70% ethanol at 4 8C. For further microscopic analyses, sections were dehydrated and embedded in Paraplast . Eight lm sections were viewed after deparaffinization. Photographs were taken using a high quality digital camera (Canon), a Stemi SV 11 stereomicroscope, or an Axioscop microscope (Zeiss, Jena Germany) equipped with a CCD3 video camera (Sony, Japan).
Protein extraction, immunodetection and RNase activity assays Following homogenization of cultivated cells (suspension culture; Köck et al., 1998) or roots under liquid N 2 , total proteins were extracted with 150 mM Na-acetate buffer, pH 5.6, containing 1 mM PMSF and 2 mM EDTA. Soluble proteins were quantified using the Bradford reagent Bioquant (Merck). SDS-PAGE (12.5%) and immunodetection of RNaseLX protein was done according to Lehmann et al. (2001) . Quantitative analysis of total RNase activity and in-gel activity assay was done as described in Groß et al. (2004) . One RNase unit (U) is defined as the amount of enzyme causing an increase in A 260 of 1.0 min ÿ1 cm ÿ1 ml ÿ1 (Abel and Köck, 2001 ).
Results
RNaseLX is part of the phosphate starvation response in tomato
In cultured tomato cells, the expression of RNaseLX is modulated by availability of inorganic phosphate (Köck et al., 1995) . To identify the expression profile in tomato plants, seedlings were grown for 14 d in phosphate-free (ÿPi) or phosphate-containing (+Pi) mineral medium. The RNaseLX transcript level increased significantly in roots, hypocotyls, and cotyledons (Fig. 1A) . As a control, expression of other Pi-responsive genes from tomato was tested. The putative riboregulator TPSI1 (tomato phosphate starvation induced 1; Liu et al., 1997) and the intracellular phosphatase PS2 (Baldwin et al., 2001; Stenzel et al., 2003) were also expressed both in roots and aerial parts of Pi-starved plants. Phosphate starvation-induced expression of RNaseLE, a paralogue of RNaseLX (Köck et al., 1995) , was only detectable in roots and hypocotyls. The down-regulation of transcript levels in phosphate-starved seedlings after replenishment of inorganic phosphate demonstrates the tight regulation of RNaseLX and RNaseLE by phosphate availability (Fig. 1B) .
Isolation and structural analysis of the RNaseLX gene
For functional analysis of the gene, RNaseLX promoter sequences were cloned using a PCR assisted approach adopted from the 59-RACE technique as described in the Materials and methods. The clone pPromLX has a total insert length of 1209 bp ( Fig. 2) and contains a 713 bp putative promoter sequence followed by a 101 bp 59-untranslated sequence as identified by RNase protection assay. Accordingly, a TATA box was found 59-upstream, at nucleotides ÿ130 through ÿ124. The clone also comprises 395 bp coding and intron1 sequences (Fig. 2) which are in accordance with the corresponding sequences of the PCRderived clone pPCRLX and the cDNA clone pRLX01. The promoter sequence of the RNaseLX gene was analysed for the presence of putative regulatory elements. Interestingly, the RNaseLX promoter contains a sequence perfectly matching the GNATATNC motif (GCATATTC, ÿ163 through ÿ156, Fig. 2 ) which is recognized by the transcription factor PHR1 (Rubio et al., 2001) .
To complete the structural characterization of the gene, a PCR product was amplified on genomic tomato DNA with primers derived from the 59-and 39-ends of the coding sequence of RNaseLX (pRLX01, EMBL Accession No. X79338). Both strands of the resulting clone pPCRLX (EMBL Accession No. Y17446) were completely sequenced showing identity to the nucleotide sequence of the cDNA clone pRLX01 and providing information on the exon-intron structure. Three introns with length of 279 bp, 1451 bp, and 318 bp, respectively, interrupt the coding sequence at nucleotides 108, 264, and 457, respectively, after the translational start (+1).
Tissue-specific RNaseLX promoter activity in roots is regulated by phosphate availability
To investigate the expression of RNaseLX in tomato plants and the impact of Pi starvation on the expression profile in more detail, an RNaseLX promoter-GUS fusion consisting of 814 bp 59-flanking sequence of the RNaseLX gene ligated in front of the reporter gene uidA (PromLX: :uidA) was constructed. The chimeric gene was introduced into the homologous tomato cultivar Lukullus by Agrobacterium-mediated gene transfer. Eighteen independent tomato lines were regenerated and 14 lines showed differential GUS expression in response to phosphate starvation. For further experiments two lines were chosen (T 2 generation).
Transgenic tomato seedlings grown in Pi-rich mineral medium for 14 d were histochemically analysed for bglucuronidase (GUS) activity. GUS staining, however, was virtually undetectable (Fig. 3A) . By contrast, very strong GUS staining was observed in primary root tips and almost all lateral root tips of those plants that were subjected to Pi starvation (Fig. 3B) . Adventitious root primordia (Fig.  3B, arrow) , early lateral root primordia (Fig. 3D ) and outgrowing lateral roots (Fig. 3F, G) expressed high GUS activity. Microscopic analysis of cross-sections through outgrowing lateral roots elucidated that RNaseLX promoter activity was present in epidermal cells (Fig. 3I) . GUS activity was highest in the meristematic zone of roots as exemplified in Fig. 3E , but was not detectable directly in the root cap (columella) as revealed by the inspection of numerous roots (see also Fig. 5 ). GUS activity was present in the vascular tissue of the emerging root as well as at the initiation sites in the main root (Fig. 3F, G, arrows) . Microscopic analysis also revealed that RNaseLX promoter activity appeared preferentially in the cell layers of the lateral root being close to the vascular tissue and pericycle cells of the main root (Fig. 3J) . Taken together, these data Organization of the 59 upstream untranslated region and of the Nterminal part of the RNaseLX coding sequence. Numbering represents nucleotides and refers to the translational start site (+1). The start codon is in bold type. The putative TATA box is underlined whereas the nucleotide representing transcription start is boxed. Two putative cis elements are in grey boxes, ethylene responsive element (AAATT-CAAA) and PHR1 binding motif (GCATATTC). Intron sequences are written in lower case, whereas amino acids are written in one-letter-code. Cleavage site of signal peptidase as determined by protein sequencing of mature protein is marked by an arrow.
suggest a spatial RNaseLX expression pattern in primary and lateral roots during plant growth under Pi deficiency. Fluorometric GUS assay was used to quantify promoter activity in total roots. GUS activity increased from 0.2 pmol lg ÿ1 protein min ÿ1 in Pi-supplied root to 3-7 pmol lg ÿ1 protein min ÿ1 depending on the transgenic line used, suggesting transcriptional activation of the RNaseLX gene by Pi starvation.
In aerial plant parts, GUS staining was found in emerging leaves of Pi-starved seedlings, in the vascular tissue of hypocotyls and cotyledons, and especially in the region where the vascular strands turned into leaves (Fig.  3C) . Prolonged Pi starvation, however, resulted in the activation of RNaseLX promoter activity in the abscission zones of cotyledons and leaves (Fig 3C, arrow) , where GUS staining was detectable in the parenchyma cells of cotyledons and leaf petioles (Fig. 3H, arrows) .
RNaseLX expression during Pi starvation correlated with accelerated root growth and was not modulated by auxin and ethylene treatment Phosphate limitation affects RSA and is known to impact on many aspects of root growth and development. In order to test a possible link between spatial expression of RNaseLX and the Pi starvation-induced response of RSA in tomato, several root-specific growth parameters were determined. Tomato seedlings responded to Pi starvation with increased root growth and reduced shoot growth resulting in a higher root-to-shoot ratio (Table 1) . Notably, primary roots (PR) of Pi-starved plants were significantly longer than those of Pi-supplied plants. This effect of Pi starvation was also illustrated by the significantly higher distance between the root tip and the first visible lateral root (LR). Although the total number of LR per ÿPi plant was also higher in comparison with +Pi plants, LR frequencies were similar in both variants (Table 1) . Accordingly, LR induction was only slightly favored by Pi starvation. The youngest LRs were short and were not able to contribute much to the increased total root mass observed under Pi limitation. These results indicate that Pi starvation of tomato plants influences root elongation rather than LR initiation. Pi starvation-induced RNaseLX expression, especially in primary and lateral root tips, correlated well with accelerated root elongation of Pi-starved tomato plants.
Analysis of RNaseLX promoter activity revealed activation by Pi starvation and preferential RNaseLX expression in the root tips. To substantiate this result further RNaseLX was analysed at the protein and enzyme activity levels. In Pi-supplied roots, RNaseLX protein was neither detectable in total roots nor in isolated root tips, whereas RNaseLX protein was clearly found in Pi-starved roots ( Fig. 4A) . RNaseLX protein amount in root tips was conspicuously higher than in total roots (Fig. 4A) , indicating preferential accumulation in the root tips. Total RNase activity increased from a low level (0.16 U mg ÿ1 protein min ÿ1 ) in Pi-supplied roots to 5 U mg ÿ1 protein min ÿ1 in Pi-starved roots. A more detailed analysis using an in-gel RNase activity assay, which differentiates between distinct RNA-degrading enzyme activities, confirmed strong induction of RNaseLX activity in roots during Pi starvation which was accompanied by an increase of RNaseLE activity (Fig. 4B) .
The altered RNaseLX expression and changed root growth parameter following phosphate starvation prompted an investigation into whether Pi-dependent RNaseLX expression in roots can be modulated by treatment with auxin and ethylene which are known to affect root growth and architecture. The tomato RSI-1 gene (root system inducible-1) was used as an auxin-dependent marker gene since (i) treatment with 5 lM naphthyl acetic acid (NAA) led to its rapid induction and (ii) RSI-1 promoter driven GUS activity was detected both in lateral and adventitious root initials (Taylor and Scheuring, 1994) being very similar to the spatial expression of the RNaseLX gene. RSI-1 was expressed at low levels in roots of 14-d-old tomato plants in a Pi starvation-independent manner (Fig.  4C) . Auxin (NAA) treatment, however, increased RSI-1 transcript levels both in Pi-supplied and in Pi-starved roots indicating hormone-dependent expression. Consistent with previous results, RNaseLX transcripts were not detectable in Pi-supplied roots. RNaseLX expression was also not found in NAA-treated Pi-supplied roots indicating that auxin is unable to increase RNaseLX transcript levels under normal growth conditions. In addition, treatment with high auxin concentrations did not markedly change Pi starvation-induced RNaseLX and RNaseLE transcript levels (Fig. 4C) . Accordingly, application of auxin transport inhibitor TIBA (2,3,5-triiodobenzoic acid) did not influence Pi starvation-induced RNaseLX transcript levels. Application of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) or inhibition of endogenous ethylene production by 2-aminoethoxyvinyl glycine (AVG) neither induced expression under normal condition nor influenced Pi starvation-induced accumulation of RNaseLX transcripts (Fig. 4D) . Similarly, the strong increase of phosphatase PS2 transcript levels was not modulated by auxin and ethylene in Pi-starved roots.
RNaseLX expression in mature tomato plants
To determine the impact of developmental factors on the expression of RNaseLX in soil-grown mature tomato plants several PromLX::uidA transgenic lines were analysed for GUS activity. RNaseLX was expressed in lateral root tips, in emerging lateral root initials, and in adventitious root initials (Fig. 5A , C, D) supporting results obtained with 2-week-old plants (Fig. 3) . Cross and longitudinal sections through lateral root tips ( Fig. 5B ) and adventitious root primordia (Fig. 5E ), respectively, elucidated that GUS activity was restricted to epidermal cell layers of the emerging root and to the meristematic and elongation zone at the root tip. According to these observations in roots of 14-d-old plants GUS activity could not be detected directly in the root cap. Microscopic inspection gave no indication for expression in root hair cells. Interestingly, promoter-driven GUS activity was found in the stigmas of different flower stages, beginning with small flower buds of about 6 mm, and in mature pollen grains (Fig. 5F, G) . Whereas the RNaseLX promoter was not yet active in immature green fruits, GUS activity became detectable in the vasculature during ripening (Fig. 5H, I ). Although these results do not rule out other sites of RNaseLX promoter activity, it clearly showed a spatial and temporal expression pattern during plant ontogenesis.
Discussion
It is demonstrated here that ribonuclease LX is part of the Pi starvation response of tomato plants. Down-regulation of RNaseLX expression after Pi replenishment supports previous results obtained with tomato cell cultures . The increase of transcript levels in roots during Pi starvation correlates with high promoter activity in main and lateral roots as well as LR primordia and points to transcriptional control of RNaseLX expression. The RNaseLX promoter contains an incomplete palindrome which is identical with the PHR1 binding motif in the AtIPS1 promoter (Rubio et al., 2001) suggesting that a tomato transcription factor orthologous to AtPHR1 is involved in the regulation of RNaseLX expression following Pi deficiency. PHR1 acts as a transcriptional activator modulating expression of several PSI genes such as IPS1, At4, and RNS1 (Rubio et al., 2001) . Accordingly, the promoter of RNaseLE, the putative AtRNS1 homologue in tomato, carries the motif GAATATAC matching the PHR1 core sequence. So far, the TPSI-1 gene has been the only known gene with a PHR1 motif in tomato. The presence of identical promoter elements in PSI genes from Arabidopsis, Medicago, rice, and tomato (Franco-Zorrilla et al., 2004) are indicative of a common regulation of these genes during phosphate starvation. Recently, it has been reported that PHR1 is a target of AtSIZ1, a SUMO E3 ligase (Miura et al., 2005) . AtSIZ1 appears to function in Pi signalling and acquisition upstream of all presently identified modulators, thereby acting negatively as in the case of PHR1 or positively on other Pi deficiency responses (Miura et al., 2005) . PSI phosphate transporters of the Pht1 gene family have been the only genes analysed for their spatial expression in Pi-starved tomato roots. Pht1 expression was detected preferentially in root epidermis, in root hairs or in vascular tissue (Daram et al., 1998; Liu et al., 1998) . Therefore, Pi starvation-induced expression of RNaseLX in lateral and adventitious root primordia before emergence of LRs from parent tissue was unexpected and has, to our knowledge, not yet been reported for any other PSI gene. RNaseLX shares spatial expression in the main root elongation zone with the PHR1-regulated AtIPS1 gene (Martin et al., 2000) . Whether both genes are functionally related has to be analysed further.
Although RNaseLX was expressed in root tip epidermis directly at the root-soil interface, its intracellular accumulation (Lehmann et al., 2001) argues against a role in Pi rescue from the rhizosphere. On the other hand, spatial RNaseLX expression in Pi-starved root tips correlates with induced root growth. It may indicate that the role of RNaseLX is connected with specific RNA turnover or metabolite recycling supporting root growth. Root apices being metabolically very active are dependent at least to some degree on local nutrient supply. Due to lack of maturity of the xylem in this zone they are isolated from the rest of the root (Melchior and Steudle, 1993) .
Comparison of Pi deprivation-triggered RSA responses of different plant species indicated that nutrient utilization differs between them. Unlike tomato, common bean responded to Pi deficiency with reduced root mass and lateral root number but left main root length unchanged (Borch et al., 1999) . Nacry et al. (2005) identified two different temporal phases in the Pi starvation response of the Arabidopsis root system, changing from increased LR formation and elongation in response to low Pi accompanied by inhibition of PR elongation (Williamson et al., 2001; López-Bucio et al., 2002) to negative effects on all root parameters in later stages. Pi starvation in tomato acts on the existing roots by accelerating PR growth and LR elongation which explains at least partly the auxin insensitivity of PSI expression. Using PSI GUS activity as a marker, it was possible to detect many lateral primordia in Pi-deficient tomato roots which were arrested in an early developmental stage. Similarly, low Pi availability also had contrasting effects on various stages of LR development in Arabidopsis, with a marked inhibition of primordia initiation but a strong stimulation of initiated primordia (Nacry et al., 2005) .
Results on RNaseLX promoter activity in the vasculature of tomato fruits are consistent with data on RNaseLX expression during xylem differentiation (Lehmann et al., 2001) . Both phloem tissue and xylem vessels exist throughout the fruit reflecting the important role in feeding embryos and the expanding fruit (Gillaspy et al., 1993) . The prompt increase of RNaseLX promoter activity at the start of fruit ripening indicates that ethylene could be involved in RNaseLX expression. Interestingly, the sequence motif AATTCAAA in the RNaseLX promoter (sequence ÿ678 through ÿ670; Fig. 2 ) has similarity to an ethylene responsive element involved in the expression of the carnation GSTI gene (Itzhaki et al., 1994) and the tomato E4 gene (Montgomery et al., 1993) . RNaseLX transcript levels increased during natural senescence and were induced in non-senescent leaves by ethylene (Lers et al., 1998) supporting the importance of an ethyleneresponsive element in the RNaseLX promoter. In addition to its involvement in senescence, germination, and xylem differentiation, local GUS expression in leaf and cotyledon abscission zones (Fig. 3C, H ) points out to a role of RNaseLX in another cell death-related process (van Doorn and Stead, 1997) . Nucleic acids and various cellular materials are degraded during PCD processes and metabolites are reabsorbed by adjoining cells and tissues or are transported to sink organs. Studies on knock-out plants will help to find out to what extent RNaseLX contributes to the recycling of nutrients.
